A quantitative genetic analysis of nine adult fitness components was performed in two populations of cactophilic Drosophila mojavensis under natural conditions of fermenting cactus and ethanol vapour. Female progeny from 18 sires and 36 dams were treated to a range of six exposure periods to males to assess effects of remating frequency on female fitness. Lifetime fecundity increased with increasing male exposure, but longevity showed an intermediate optimum with temporary exposure to males of 2-4 days. Narrow-sense heritabilities were significant for egg production traits while broad-sense heritabilities were significant for longevity-related traits. Positive genetic correlations between components of fitness were expressed among functionally related traits, e.g. longevity was positively correlated with lifetime fecundity, the number of clutches laid, clutch size, and the number of eggs laid per day. Negative genetic correlations were detected between early and late life fecundity suggesting genetic tradeoffs among components of adult fitness.
Introduction
The degree of parental investment in their genetic progeny is thought to result from a balance between future reproductive success and the immediate costs of parental care through investment of resources in current offspring. This classical tradeoff envisioned by Trivers (1972) has been perceived as a driving force in the evolution of plant and animal mating systems, particularly where sexual selection is involved (Parker, 1979) . In many insect species, paternal contributions are essential elements of courtship behaviour and serve as nuptial gifts prior to copulation (Zeh & Smith, 1985) . These paternal contributions include the provision of food captured or glandular secretions provided by males (Thornhill & Alcock, 1983) . These contributions are presumably adaptive because they increase male mating success and may influence the fitness of his progeny. If females can choose males on the basis of their ability to provide, and such behaviour increases female fitness, sexual selection should reinforce natural selection and males that provide larger contributions will be favoured.
The paternal contribution of substances other than *Correspondence 515 sperm used by females after copulation is well documented in 10 orders of insects (Thornhill & Alcock, 1983; Boggs, 1990) . Within the Drosophilidae, paternal investment may involve courtship feeding (Steele, 1986a, b) , where males present a nuptial gift of regurgitated food to the female as part of courtship behaviour or the direct contribution of ejaculate compounds that females assimilate into somatic and reproductive tissues (Chen & Buhier, 1970; Baumann, 1974; Markow & Ankney, 1984; Scott, 1986; Bownes & Partridge, 1987; Markow et al., 1990) . Many compounds are present in the ejaculate of Drosophila males that can influence female receptivity to remating (Mane et a!., 1983; Scott, 1986) , increase oviposition rates (Chen, 1984) , and may represent a source of energy in food-limited wild populations (Markow et al., 1990) . The significance of any single kind of male contribution and its effects on female fitness and on the sire's progeny must therefore be evaluated in the context of the current mating system of a population.
Female cactophilic D. mojavensis remate every day or so in the laboratory (Markow, 1982) after a copulatory plug, formed from the insemination reaction from the last mating has cleared (Patterson, 1946 (Patterson, , 1947 . The insemination reaction in Drosophila species varies in intensity and duration, resulting from the reaction of vaginal secretions and non-sperm ejaculate compounds (Patterson, 1946; Grant, 1983) . In D. mojavensis, ejaculate-derived amino acid-containing compounds are primarily retained in ovarian eggs and subsequently transferred from the female reproductive tract to somatic tissues throughout the body (Markow & Ankney, 1984) . Thus, male D. mojavensis have a direct effect on their progeny by contributing substances to eggs that they fertilize. Females may benefit directly by assimilating these compounds but it is unclear how these substances influence traits other than egg production, particularly in nature where adult nutrition has not been well studied (Etges & Klassen, 1989) .
The present study involves a systematic analysis of the causes of variation in nine components of adult fitness in female D. mojavensis. Effects of remating were investigated in a half-sib, full-sib experiment designed to distinguish between genetic and environmental influences on female fitness. Previous studies have shown remating influences on fitness components other than fecundity, such as longevity, in D. pseudoobscura (Turner & Anderson, 1983) , and D. melanogaster (Partridge et al., 1986 , and courtship behaviour and female fertility (Gromko, 1987 (Gromko, , 1989 . Unfortunately little is known of the systematic effects of remating on the genetic basis of multiple components of female fitness. Furthermore, as the ecology of D.
mojavensis is well known, all experiments were performed under environmental conditions designed to mimic nature, i.e. with fermenting cactus tissues and atmospheric volatiles as food (Etges & Klassen, 1989) . Here, we demonstrate strong influences of increasing exposure to males and nutrition on both female reproductive effort and the structure of life histories.
Materials and methods
Adult Drosophila mojavensis were aspirated from fermenting necrotic tissues, rots, of pitaya agria cactus, Stenocereus gummosus at two localities, Punta Prieta, Baja California Norte and Punta Onah, Sonora in March of 1989. Wild-caught adults were combined with all adults emerged from rots returned to the laboratory. The Baja stock was founded with 800 adults aspirated from rots plus 5042 adults emerged from 12 agria rots, and the mainland stock was founded with 210 adults from the field pIus 196 adults emerged from three agria rots. Both populations were cultured in large numbers (>1000 adults) in 8-dram shell vials using banana-Karo--malt-brewer's yeast-agar food (Etges & Heed, 1987) for 18 months prior to the start of the experiment. Vial-reared adults were then combined into six half-pint bottles per population and allowed to oviposit for 1 week to ensure optimal growth conditions for their offspring. All cultures were grown at room temperature ( 22°C).
Virgin offspring from the bottle cultures were separated by sex using CO2 anaesthesia and aged for 6-7 days. Within each population, randomly selected sires were mated with three dams each for 1 week. The dams were then placed into separate vials and allowed to oviposit. Twelve female offspring from each of two dams were monitored for daily egg production under the following six treatments (two replicate females per treatment): 1 exposure to a male for 24 h after laying the first egg, 2 exposure to a male for 48 h after laying the first egg, 3 exposure to a male for 96 h after laying the first egg, 4 exposure to one male until death, 5 exposure to two males until death, and 6 exposure to four males until death. We assumed that increasing exposure to males is correlated with an increased frequency of remating, and hence higher transmission rates of sperm and ejaculate compounds. Females were aged for 2-3 days on organ pipe food (see below) that was brought to 5 per cent concentration and supplemented with killed yeast before mating because sexual maturity is not attained until 3-5 days (Etges & Klassen, 1989) . All males were from outbred stocks of each population.
Each of the 24 female offspring per sire in the six treatments were housed in empty 1-dram shell vials glued into each well of a disposable 24-well microtitre plate. The top of each vial was fitted with a plastic cap which had been cored and sealed with nylon netting.
The mesh was large enough to allow the females to oviposit through it but small enough that the flies could not escape. Each day, all sets of vials were inverted onto flats of fermenting organ pipe cactus from 18.00 until 09.00 hours the following morning in order that all females could feed and oviposit on the cactus medium. From 09.00 until 18.00 hours, all vial sets were placed into sealed desiccators containing 1 litre of 4 per cent ethanol (v/v) made fresh every other day (Etges & Klassen, 1989) . All flies were housed in an incubator with a 14:10 LD photoperiod set at 27°C during the day and 17°C at night while exposed to cactus and ethanol vapour. All females were checked daily for mortality and males were replaced if dead. All eggs laid were counted each day and transferred to laboratory food in shell vials. All pupae and eclosing adults were counted from each vial.
The organ pipe food was prepared by blending fresh organ pipe cactus with 2 per cent agar-deionized water until the mixture was pourable, autoclaved, and poured into rectangular baking pans. After cooling, these flats were frozen until needed. Once thawed, the cactus tissue was inoculated with a suspension of seven yeast species common to agria and organ pipe rots in nature (Starmer, 1982; Fogleman & Starmer, 1985) ; Pichia cactophila, P. mexicana, P. amethionina var. amethionina, C,yptococcus cereanus, Candida valida, C.
ingens, and Torulopsis sonorensis and incubated at 25°C for at least 2 days. Abundant yeast growth was evident on all flats used.
Statistical analysis
The dataset was composed of the following variables recorded for each female: longevity in days, lifetime fecundity, mean number of eggs laid per day, number of times eggs were laid (number of clutches), mean clutch size, mean clutch viability (mean number of adults eclosed/number of eggs laid), age when the largest clutch was produced, mean age at oviposition, and the coefficient of variation of the age when a female laid eggs, an estimate of the variance in reproductive effort throughout each female's lifetime.
The final dataset was mildly unbalanced due to unavailability of the required 12 female offspring for each dam and to escaping flies. The total sample size was 406 females from 18 sires and 36 dams. Viability data were arcsin transformed and clutch size data were log transformed. Analyses of variance and correlation analyses were performed using SAS procedures (SAS Institute, Inc., 1985) . The GLM and NESTED procedures were used to estimate significance levels and variance components for each variable using the model: k1m U + N + P + Sk + D1 + 'nxp + Ejklm where p is the grand mean, JV is the treatment effect of exposure to males, P3 is the effect of population, Sk is the effect of sire nested within population, D1 is the effect of dams nested within sires, is the interaction between male exposure and population, and Ejjklm is the within full-sib family error. All levels were considered random effects except for exposure time to males and the interaction, IV and I,,. Detection of sire X male exposure treatment interactions in the ANOVA was not possible due to the extensive memory requirement of this model. as + a + u h2 is the narrow-sense heritability based upon the sire component of variance u2, where h 2d is the broadsense heritability (Falconer, 1981) that includes four times the maternal effects, dominance variance, etc. in the numerator (Becker, 1984 where 2r is the residual variance. Genetic and phenotypic correlations were calculated between all variables. Genetic correlations were calculated in three ways: parametric (Pearson productmoment) and non-parametric (Spearman rank-sum) correlations were calculated using sire means, both of which may underestimate the true genetic correlation (Via, 1984) but allow straightforward significance testing, the additive genetic correlations using the sire variances and covariances from procedure NESTED. Punta Prieta were used. Each female was exposed to two mature males for life in 8-dram shell vials at room temperature and ambient lighting. Twenty-five females per food treatment were started when the females were 2-3 days old, and transferred daily to fresh food. All eggs were counted daily. Towards the end of the experiment, selected females from each treatment were measured for thorax size, ovariole number, and egg size. Egg volume was approximated as the volume of a prolate spheroid, i.e. volume=(1/6)rw21, where w=egg width and 1= egg length (Atkinson, 1979; Montague, etal., 1981) .
Lifetime fecundities were also subjected to time series, or spectral analyses (Bloomfield, 1976 ) using a finite Fourier transform procedure form ILS (Interactive Laboratory System V. 6.1, 1989). This procedure decomposes discrete time-sequence data into a set of frequency components, here employed to detect cycles in the pattern of oviposition in female D. mojavensis.
Results
Of 406 females studied in the main experiment, 102 never laid an egg. Such behaviour is consistent with earlier studies of fecundity of D. mojavensis in cactusethanol vapour environments (Etges & Klassen, 1989) and on laboratory food (Markow et a!., 1990) .
Maximum lifetime fecundity was 440 eggs, with a mean of 54 eggs for all females. The average clutch size was 23.3 eggs while the median number of clutches laid per female was two, i.e. most females only laid eggs twice in their lifetime. The average longevity was 21.5 days, and one female lived 55 days.
Remating effects on life history traits
Variation in the exposure of females to males had large effects on female longevity, lifetime fecundity, number of clutches laid, average number of eggs laid per day, and the degree to which reproduction was distributed throughout adult life, the coefficient of variation (CV) of the age of oviposition (Table 1 ). In the original experimental design, exposure to males for 24, 48, and 96 h was intended to begin when the females were sexually mature, at age 2-4 days (Etges & Klassen, 1989) .
Once the experiment was underway, it was clear that these exposure periods would have to be increased because most of the females had not oviposited at the end of these exposure periods. Thus, the exposure times used were the periods males were kept with females after the first egg was laid. The average longevity of each population responded differently to exposure time to males causing a significant interaction between exposure time and population (Table 1) . Even so, comparisons among the six treatment groups revealed significant trends (Table 2) .
Because standard errors of the treatment means were large, t-tests were used to determine which groups were significantly different from others. Longevity increased with increased exposure to males from 24 h to the 48-and 96-h treatments combined (t= -2.01, P< 0.05), and then decreased significantly from the two males for life to four males for life treatment (t2.04, P<0.05, Fig. 1 ). Mean longevity in the highest exposure treatment was lower than that of the 24 h exposure treatment (t=2.98, P<0.01), but not the other lifetime exposure treatments (t= -0.16 and 1.08, respectively, both P> 0.2). Thus, variation in longevity could not have resulted solely from mating with more males and laying more eggs ( Table 2) .
The effects of remating were similar among popula- tions for lifetime fecundity, the CV of age at reproduction, the average number of eggs laid per day (Fig. 1) . The average number of eggs laid per day was included solely to correct for intrinsic differences in female longevity and therefore estimated egg production independently of lifespan. This variable exhibited an asymptote at about three eggs per day in the lifetime exposure to males treatments (Fig. 1) . Fecundity significantly increased from the three non-lifetime to three lifetime exposure treatments combined (t= -2.60, P< 0.01, Fig. 2 , Table 2 ). Mean fecundity in the highest exposure treatment was not significantly different from the other lifetime exposure treatments (t= 1.02, P> 0.2), but the 24-h exposure treatment resulted in significantly lower lifetime fecundity than any of the lifetime exposure treatments (t -2.75, P<0.01).
Increased exposure to males also caused increases in the variance of the age of oviposition ( Fig. 1 ) but, as with the other egg-laying variables, showed evidence of a decrease in the lifetime exposure classes. None of these traits differed among populations in contrast with earlier studies documenting genetic differences among mainland and Baja populations in life-history charac-
ters (Etges & Heed, 1987; Etges, 1990) , including lifetime fecundity (Etges & Klassen, 1989 cannot fertilize the clutches of eggs that they are maturing. These eggs appear clear with white or yellow patches of yolk throughout the cytoplasm, characteristic of unfertilized embryos (Sonnenblick, 1950) . The viability of any clutch less than 0.50 is likely to be due to the production of unfertilized eggs rather than low egg-to-adult viability, given the results of the above control experiment. A frequency distribution of clutch viabilities, v , was formed with intervals of 0.05 starting from zero and ending with v 0.50. There was clearly a bimodal distribution of clutches with the majority of observations in the 0 and 0-0.05 clutch viability classes and those in the 0.50 class (Fig. 3) . Clutch viabilities were reclassified into one of three categories; 0.05 and v1>0.50 and analysis of variance was performed for each category using the same nested model as in Table 1 . No significant differences among male exposure classes were detected in the class, indicating that females occasionally lay completely or largely unfertilized clutches irrespective of the number of males present. However, male exposure significantly affected clutch viability in the latter two categories (F=2.95, P=0.013, and F=4.87, P=0.0003, respectively). Clutch viability was highest in the three lifetime exposure classes (Fig. 3) . The same trend was apparent in the 0.05 <v 0.50 viability class, except the mean for the highest exposure class, four males for life, was not significantly different from the means of the three low-exposure treatments (Fig. 3) . These results indicate that the number of males, and therefore the number of potential matings to which female D. mojavensis have access, influenced their ability to fertilize mature eggs. The decrease in clutch viability in the highest exposure class accompanied decreases in lifetime fecundity (Fig. 1) which suggests that excess male exposure is detrimental to female reproductive success.
Effects of dietary protein on egg production
Lifetime fecundity increased nearly 21-fold from the lowest to highest protein level (Fig. 4) Genetic basis for adult life-history components
As there were no population differences in any of the ANOVA (Table 1) , all data were combined for estimation of variance components. Significant sire effects were detected for the three egg production traits; lifetime fecundity, number of clutches laid, and the average number of eggs laid per day. Thus, additive genetic variance for egg production persists in these populations. Heritabiities were relatively high for these three traits, greater than 0.7 (Table 3 ). Significant dam effects indicated non-additive and/or maternal effects for longevity, average number of eggs laid per day, the average age of oviposition, and age at peak lay. As these are all age-related traits, these dam effects may stem from similar causes influencing longevity. The data across male exposure treatments were pooled in this analysis, therefore the results of all genetic analyses include this spectrum of remating effects. Genetic and phenotypic correlations among all traits are shown in Table 4 . No differences were observed between parametric and non-parametric correlation results, so only parametric results are shown. Phenotypic correlations were calculated with the male exposure treatment means for both populations (n = 12) and using all experimental females (n= 406). All the significant phenotypic correlations among traits related to productivity were positive, as expected. Of those based on the six treatment means (below the diagonal in Table 4 ), correlations between longevity and fecundity, longevity and number of clutches laid, and longevity and number of eggs laid per day were negative but not significant. These correlations indicate possible tradeoffs between longevity and reproductive effort driven by mating frequency, but because the responses to male exposure treatments were not linear ( Fig. 1 ) and the number of means was small, it is not surprising that the correlations were not statistically significant. The correlation between longevity and eggs laid per day, r= -0.483 (P=0.111), was the strongest indication that collapsing the dataset to just 12 classes reduced the power of this test.
Genetic correlations were calculated with the sire means of each trait (Via, 1984) and with sire variance components from procedure NESTED (SAS Institute, 1985) . Correlation analysis of all traits except longevity, fecundity, number of clutches laid per day was based on a reduced and quite unbalanced dataset due to the 102 females that laid no eggs. This made significance testing of additive genetic correlations difficult because of their well known lack of statistical power with unbalanced data. Overall, these techniques gave consistent results, and in many cases were comparable with the phenotypic correlations (Table 4) . Across all male exposure treatments, longevity was positively correlated with lifetime fecundity, number of clutches laid, clutch size, and the number of eggs laid per day, indicating that strong positive genetic correlations between components of fitness were expressed among functionally related traits. Furthermore, longevity and age at peak reproduction were negatively correlated providing additional evidence for positive pleiotropy where concentrating reproductive effort early in life is associated with increased longevity (Schemer et al., 1989) . However, longer-lived females laid more eggs, but those laid later in life displayed lower hatching rates as suggested by the negative correlation between longevity and clutch viability. We caution against interpreting this latter correlation as a tradeoff in lifetime reproductive effort where eggs laid later in life suffered decreased hatchability because of the inability to show that this correlation is different from zero.
Thus, neither lifetime fecundity nor number of eggs laid per day were reliable indicators of female fitness because of the negative genetic correlations with clutch viability. However, females that concentrated oviposition into fewer, smaller clutches produced more viable offspring, as indicated by the negative correlations between clutch viability, coefficient of variation of the age of oviposition, and clutch size. The average age at reproduction, calculated by averaging age in days when clutches were produced, was negatively correlated with eggs laid per day. Age when the largest clutch was produced was also negatively correlated with the number of eggs laid per day as well as lifetime fecundity, which suggests that females that defer egg production to later in life lay fewer eggs, and vice versa. These results indicate a genetic tradeoff between early and late fecundity in these populations of D. mojavensis.
A further evaluation of the genetic tradeoff between early and late reproduction was performed by dividing total fecundity into 5-day intervals for each female and calculating correlations between all 5-day periods (Rose & Charlesworth, 1981) . Correlation analysis was only possible using sire means to estimate additive genetic correlations because individual female fecund- Egqlayinq frequency (days) Table 3 Variance components (expressed as percentages of the total variance from PROC NESTED) and heritabilities of the nine fitness components in this study.
Heritabilities calculated from sire variance components are 'narrow sense' heritabilities whereas the 'broad sense' heritabilities, based on dam variance components, include genotypic and maternal effects (Falconer, 1981) (Becker, 1984, p. 124) and then substituting in the formula t = r/S.E.(r) (Ostle & Mensing, 1975). ity records contained mostly zero observations due to the periodicity of oviposition and missing data due to female mortality. All but three correlations were nonsignificant, and those three were positive and showed no pattern. Nested ANOVA were performed for each interval using the same model as in Table 1 . Heritability of fecundity was only expressed in early ages, day 6-40 and 11-15, and in the day 36-40 interval as shown by significant sire effects in the ANOVA. The significance of this pattern is again obscured by the periodicity of oviposition and attenuation of sample sizes due to female mortality.
Discussion
A significant fraction of reproductive success in female D. mojavensis is due to acquisition and assimilation of paternally contributed compounds donated during copulation. The chemical profile of these compounds is unknown, except that some are proteins (Markow & Ankney, 1984) . The effects on female survivorship and reproduction are, however, not monotomc functions of increased exposure to males (Partridge et a!., 1986) and are not consistent among geographically isolated populations (Fig. 1) . Intermediate exposure to males (48-96 h after onset of laying) produced maximum longevity but lower fecundity than any of the lifetime exposure treatments. While this pattern varied between populations, low male exposure in the 24-h treatment also decreased female longevity and fecundity. As fecundity was the lowest in this treatment, longevity decreases must result from the effects of infrequent mating, i.e. male ejaculate compoun.ds enhanced female longevity up to a threshold past which increased egg production has antagonistic effects on longevity. Markow (1982) determined that female D. mojavensis may mate with several males over a period of days, leading to sperm competition with sperm pre-cedence of the last mated male. Within such a mating system, it is likely that male D. mojavensis must remate often in order to insure that their sperm is used for fertilization and minimize the use of their ejaculates by females who have been inseminated by other males (Markow, 1988) . Male fertility remains constant over as many as seven consecutive matings (Markow, 1982) , while the amount of ejaculate donated drops to onethird of initial levels after the fourth mating (Markow et a!., 1990) . As females with continuous access to males produce more eggs than females with low male exposure, there is a direct payoff in fitness to females who remate frequently with males that do not.
Adult survivorship and reproduction in nature must therefore be influenced by at least three major factors: paternal contribution to females, nutrient availability determined by fermenting cactus tissues, and the concentration of atmospheric volatiles released during fermentation that increase adult survivorship and egg production (Etges & Klassen, 1989) . All three factors represent sources of nutrients for the yolking of eggs.
An increased intake of yeasts in fermenting cactus should directly increase protein assimilation and thus cause formation of more ovarioles and larger eggs. It is widely accepted that ovarioles are formed during the pupal period from larval oogonial tissues in D.
melanogaster (Kerkis, 1931) and that ovariole number is influenced primarily by larval nutrition (Saviliev, 1928) and genetic factors (Robertson, 1957; King, 1970) . The diet-induced increase in ovarioles that we observed is the only data of which we are aware, which demonstrates an effect of adult diet on ovariole numbers, although we recognize that this intriguing result should be repeated.
The largest source of variation in nutritional quality of cactus tissues is probably the relative age of the rot, and hence the successional state of the communities of yeasts and bacteria (Fogleman & Starmer, 1985) . Larval nutrition and temperature directly influence adult body size, and therefore ovariole number and flight capability due to increases in wing size. Baja adults are genetically smaller than mainland adults and possess fewer ovarioles per female (Etges, 1990; Heed, unpublished data). It is unclear how ovarian cycling (Figs 5 and 6) influences reproductive success but it does explain why so many wild females contain few developing eggs (W. B. Heed, unpublished data): these females presumably were dissected on days immediately following oviposition. These cycles are hormone driven (Handler & Postlethwait, 1978) and would cause increased variance in the timing of reproduction. The extent of ovarian cycling is not well known among the Drosophilidae, but several other species exhibit this behaviour, including D. victoria, D. aidrichi, D. mullen, and D. repleta (Kambysellis, 1968) . The latter three species are also cactophilic.
Life-history and mating system variation in populations of D. mojavensis have evolved along with colonization of alternate host cacti and increases in the geographical distribution of this species (Heed & Mangan, 1986; Etges, 1990) . Mainland and Baja populations have been classified as different subraces based upon chromosomal, allozymic, morphological, and behavioural differences (Johnson, 1980; Zouros, 1973; Zouros & D'Entremont, 1980) . Premating isolation exists between mainland and Baja populations, which suggests the formation of incipient species (Wasserman & Koepfer, 1977; Krebs & Markow, 1989) . It has been of great interest to evaluate the determinants of these behavioural shifts, particularly with respect to differential host plant use and geographical isolation. The effects of remating frequency, a critical aspect of a group's sexual enviroment, have significantly different influences on female longevity and age-specific fecundity patterns among the populations studied (Table 1 , Fig. 1 ). Higher levels of male exposure were required by Baja females before longevity and fecundity increased. This was probably not due to the smaller size of Baja males, and hence smaller amount of ejaculate donated, because thorax size and ejaculate volume are not correlated (Markow, et al., 1990) . Mainland males do exhibit greater mating propensity than Baja males (Koepfer, 1987) , which may translate into greater overall paternal contribution over the lifetime of a female.
Male effects are obviously a major component of the expression of genetic variation and covariation among traits. The heritabiities and genetic correlations reflect expression of genes underlying components of fitness across an array of mating environments, and thus may also be interpreted as genetic components of reaction norms of remating effects. Heritability of traits related to egg production traits were large compared to previous studies, but these results vary widely (Robertson, 1957; Tantawy & El-HeIw, 1966; Roff & Mousseau, 1987) . The experimental design precluded estimation of cross environment correlations which may have revealed a more detailed picture of the genetic architecture of these traits (Scheiner et a!., 1991) . The lack of strong evidence for a tradeoff between longevity and fecundity, due to male exposure levels, was not surprising given the non-linearity of response in longevity, and to a lesser extent fecundity (Fig. 1, Table 4 ). Phenotypically, age at peak reproduction was positively correlated with longevity which is consistent with a tradeoff between early and late life reproduction. However, the additive genetic correlation was negative, r= -0.595, indicating that females who laid most of their eggs early in life tended to live longer. The longevity of females was greatest in the 48 and 96 h exposure treatments and many of these females only laid a clutch or two early in life and did not lay again due to the absence of males (Fig. 2) . Thus, males remating frequency had direct impact on the correlation structure of these traits.
Senescence resulting from antagonistic pleiotropy was evident from negative genetic correlations between the age at reproduction and peak reproduction and measures of egg production. The significance of these results to life-history theory must be tempered due to the negative correlation between clutch viability and longevity. As clutch size also increased with age, there is likely to be a physiological limit to the number of eggs a female can fertilize that is far lower than the number of eggs manufactured, even if sperm supply is unrestricted. Females can store sperm for long periods with no decrease in the viability of eggs produced (Markow, 1982) . Thus, diet and ejaculate-induced increases in egg production (Figs 2 and 4) may be somewhat independent of the ability to inseminate eggs with sperm stored in the ventral recepticles, and the ability to inseminate eggs declines with age. It is unclear whether low clutch viability due to laying unfertilized eggs occurs in natural populations as well or resulted from overfeeding in the laboratory. In nature, nutrient availability may be somewhat lower and more variable, reducing the number of eggs produced to a level where females can inseminate most or all of them. Certainly, the energetic costs of producing unfertilized eggs in nutrient-limited environments would be severe. Studies of nutrient levels and associated physiological and reproductive condition of wild adults are needed before the relative significance of paternal contributions to reproductive success can be fully evaluated.
